Aedes aegypti is an important disease vector and a major target of reproductive control 1 efforts. We manipulated the opportunity for sexual selection in populations of Ae. aegypti by 2 controlling the number of males competing for a single female. Populations exposed to higher levels 3 of male competition rapidly evolved higher male competitive mating success relative to populations 4 evolved in the absence of competition, with an evolutionary response visible after only five 5 generations. We also detected correlated evolution in other important mating and life history traits, 6 such as acoustic signalling, fecundity and body size. Our results indicate that there is ample 7 segregating variation for determinants of male mating competitiveness in wild populations and that 8 increased male mating success trades-off with other important life history traits. The mating 9 conditions imposed on laboratory-reared mosquitoes are likely a significant determinant of male 1 0 mating success in populations destined for release.
Introduction

5
The Yellow Fever mosquito, Aedes aegypti, is both an important vector of viruses and a main target of 1 6 current reproductive control efforts. Mosquito reproductive control strategies [1] are in various stages 1 7 of implementation [2] [3] [4] [5] [6] [7] , with facilities required to produce male mosquitoes at an industrial scale 1 8
(millions/week) in order to sustain mass releases into the wild [8] . At this scale, even small deficits in 1 9 the competitive mating success of released males against wild males potentially translate to large 2 0 production and economic costs [9, 10] . Release males will likely undergo many generations in the 2 1 laboratory with potential for the mating competitiveness of these strains to be reduced by both a loss 2 2 of heterozygosity [11] and laboratory selection [11, 12] . A clearer understanding of the determinants 2 3 of male mating success, and how these are affected by the rearing environment, is critical for 2 4 optimizing mass-rearing and release strategies.
Mating in Ae. aegypti occurs in aerial swarms which are primarily composed of males with single 2 6 females entering and being intercepted in much smaller numbers [13, 14] . Males use the flight tones 2 7
produced by females to detect potential mates in the swarm, responding to tones between 200-800 Hz 2 8 with rapid phonotaxis [15, 16] . If a male reaches a female, he must complete a series of mid-air 2 9 manoeuvres to secure and perform insemination. The entire mating interaction lasts seconds and often 3 0 the pair remains aloft for the duration [13, 17] . During a mating attempt, females exhibit rejection 3 1 behaviours in the form of kicks and leg thrusts that can effectively displace males through much of the 3 2 mating interaction [15, [17] [18] [19] [20] . Recent work has suggested that acoustic interactions influence the 3 3 outcome of mating attempts [19] . Opposite sex pairs of Ae. aegypti have been reported to actively 3 4 adjust their flight tones to overlap at harmonic frequencies [21, 22] . This phenomenon, termed 3 5 harmonic convergence, has been found to be predictive of a successful mating attempt [19] . 3 6
Converging males appear to offer no direct benefits to females or parental care to offspring but may 3 7 offer indirect genetic benefits to females. The sons produced by converging pairs are more likely to 3 8 exhibit both harmonic convergence and mating success [19] . While recent work has reported that 3 9 males may also offer material benefits in the form of accessory gland proteins [23], it is not known 4 0 whether females choose males based on variation in these benefits. 4 1 Therefore, the mating system of Ae. aegypti shares many characteristics with a lek [24] , a group of 4 2 displaying males which have aggregated for the sole purpose of mating [25] . As with other systems in 4 3 which females choose mates based on genetic benefits, we would expect that over time female choice 4 4 would erode genetic variation in male mating success. However, high variation in courtship signals in 4 5 other animals has been reported to be maintained [26] . One possible solution to this "lek paradox" 4 6
[27] is that additive genetic variation for male mating success is maintained because mating success is 4 7 condition-dependent [28] and therefore correlated with other important life history traits which are 4 8 under natural selection [29] . 4Life History. Eggs from selected populations and the U line were hatched separately under a vacuum 1 2 7
for 20 minutes and supplied with 0.1 mg of ground diet overnight. Larvae were separated into trays of 1 2 8 500 individuals in 2L of water and provided with 0.3 mg diet/larva/day. Each day we measured the 1 2 9 number of living larvae in the trays and adjusted the amount of food provided. For each line, we 1 3 0 recorded daily larval survival, daily pupation, daily adult emergence rates, and the sex ratios and body 1 3 1 sizes of emerging adults. We recorded within-population individual fecundities for a subset of 10-30 1 3 2 females from each population after mating with males from the same population. population, and (where appropriate) experimental block were incorporated as random effects. We 1 3 7 describe the additional fixed effects for each model below. 1 3 8
We tested for an effect of mating regime (NMC/HMC) on the probability that a given male or female 1 3 9 formed a copula using generalized linear mixed models (GLMM) with a binomial error distribution 1 4 0 and logit link function. In the mating competition experiment we additionally tested the fixed effect of 1 4 1 male dust colour (pink/yellow) and male wing length on the likelihood that a male successfully 1 4 2 formed a copula in competition with U males. For isolated pair mating interactions, a GLMM fit with 1 4 3 a binomial error distribution and logit link function was used to investigate the fixed effect of mating 1 4 4 regime on whether harmonic convergence occurred during the interaction. 1 4 5
The effect of mating regime on female mating behaviours (attempt and copula latencies, total attempt 1 4 6 durations, total attempt number, copula duration) was assessed using linear mixed models (LMM). 1 4 7
We used a GLMM with a binomial response variable and logit link function to assess the effect of 1 4 8 female mating regime on the probability of copula formation and sperm transfer to females. 1 4 9 1 5 0 A LMM was used to assess the fixed effects of female mating regime and wing length on fecundity.
We made comparisons between mating regimes using a Sequential Bonferroni post-hoc test. We also 1 5 2 determined the effect of mating regime on the proportion of first instar larvae that survived to emerge 1 5 3 as adults using an LMM. The pattern of emergence over time was compared between mating regimes 1 5 4 using a Mixed Effects Cox Regression to test for the effect using the 'Survival' package [46] . We 1 5 5
used an LMM to test for the effect of mating regime, replicate, and block on the total proportion of 1 5 6 emerging adults which were female. The winglengths of females and males from different mating 1 5 7
regimes were compared using a LMM. 1 5 8 1 5 9 Results 1 6 0 Male Mating Competitiveness. We observed a total of 328 matings (HMC vs UA, n=147; NMC vs 1 6 1 UA, n=181). HMC males were more likely to achieve a copula with a U female in competition with U 1 6 2 males (56 + 4.10%) than NMC males in competition with U males (40 + 3.70%) ( Fig. 2A Although there were no significant differences in female behaviour during the mating trials, we found 1 9 0 differences between females from different mating regimes in reproductive output following the 1 9 1 matings. Wing length did not significantly affect eggs laid in the first clutch (df=1, χ 2=0.92, P=0.34). 1 9 2
When we assessed the effect of mating regime removing the non-significant winglength covariate, 1 9 3 there was a significant effect of female mating regime on the number of eggs laid in the first clutch 1 9 4 ( Figure 3A , S3, χ 2=14.35, df 1 =2, P=0.0008). NMC females produced significantly more eggs (n=28; 1 9 5 57.57 + 4.53 eggs/female) than U females (n=29; 38.41 ± 2.87 eggs/female) (Bonferoni Post-Hoc, 1 9 6 P=0.04). While HMC females also produced more eggs (n=28; 52.21 ± 3.27 eggs/female) than U 1 9 7 females, this difference was not significant (Bonferroni Post-Hoc, P=0.27). comparing between populations we found no significant differences in the proportion of males that 2 0 5 emerged (χ2=5.61, df 1 =2, P=0.08). NMC females were significantly larger than those from the other 2 0 6 two mating regimes (χ2=21.26, df 1 =2, P<0.001). There was no effect of mating regime on male body 2 0 7 size (Fig. 3C In particular, our results emphasize the importance of male competition for shaping mating success in 2 2 1 competitive scenarios. Enforcing relatively high levels of male competition in mass-reared 2 2 2 populations may be more conducive to maintaining traits contributing to male sexual success in the 2 2 3
wild. While males from HMC populations won a greater proportion of matings in competition with U 2 2 4 than males from NMC populations ( Fig. 2A) , they performed roughly equally to the U males overall, 2 2 5 achieving only slightly more (56 ± 4.1%) of the total matings. Imposing high levels of sexual 2 2 6 competition therefore maintained, rather than enhanced, performance in laboratory populations 2 2 7 compared to the ancestral population. This suggests that mass-rearing operations would need to 2 2 8 enforce very high levels of competition in order to maintain male competitiveness. 2 2 9 2 3 0
Production of other types of insects for mass releases have improved line quality by artificially 2 3 1 selecting for competitive males [50] [51] [52] . In some of these instances, selection under competitive 2 3 2 regimes has affected other aspects of life history such as fecundity [50, 51] Differences between experimentally-evolving populations can sometimes arise due to differences in 3 0 5 effective population size (N e ). We mitigated any such effects by tracking female insemination rate 3 0 6 (Table S1 ) and randomly selecting the same number eggs from every population each generation to 3 0 7 ensure that a similar number of females contributed to the next generation. Ae. aegypti is thought to be 3 0 8 monandrous and insemination rates were similar across regimes, suggesting that the number of males 3 0 9
contributing to the next generation should have not differed systematically. Further, previous work 3 1 0 has indicated that the effect of differences in effective population size in this kind of manipulation is 3 1 1 minimal [24] . Just as relatively small population sizes were necessary in order to allow sufficient 3 1 2 population-level replication in our experiment, we were similarly limited by practical constraints to 3 1 3 handling our populations in replicate pairs instead of simultaneously. We incorporated this structure 3 1 4 into our statistical modelling to control for differences between replicate pairs that arise from handling 3 1 5 on one day versus another through the course of our assays. The mating regime differences we report 3 1 6
here are therefore large enough to be detected despite any variation introduced by replicate pairs being 3 1 7 manipulated on different days and replicate population. Our relatively simple selection regimes 3 1 8 allowed us to manipulate sexual selection while equalizing other aspects of the mosquito life cycle, 3 1 9 but these regimes do not reflect a natural situation and care should be taken when generalizing these 3 2 0 results to selection in wild Ae. aegypti. 3 2 1 3 2 2
We chose to focus our assays on pre-copulatory mating behaviours and several key life history traits.
